In the range 16 to 29°C, increases in temperature caused large (twoto threefold) increases in growth velocity, growth strain rate, and biomass deposition rate in primary roots of maize, Zea mays L. Temperature had small effects on root diameter, fresh weight density, and dry weight density, and negligible effects on length of the growth zone and growth strain at particular positions.
The spatial distribution of growth in the primary root of maize has been known since the work of Erickson and colleagues in the 1950s (7, 8) . Growth is conveniently measured with the root tip as origin of the coordinate system since, empirically, a steady (time invariant) pattern is found in this 'co-moving' reference frame. Growth velocity, i.e. rate of displacement of a cellular particle from the root tip, increases with distance until a constant velocity is achieved at the base of the growth zone. The derivative of velocity with respect to position is the relative elemental growth rate or longitudinal strain rate. A plot of relative elemental growth rate versus position shows the spatial distribution of elongation growth.
During growth, cellular particles accelerate through the growth zone and experience in a temporal sequence the velocities and strain rates that are usually shown as functions of position. The past decade has seen the development of a comprehensive framework for growth analysis, based on concepts from continuum mechanics. The relationship between spatial and temporal aspects of growth has been explored (2, 11, (13) (14) (15) . A particularly useful relationship is the 'growth trajectory,' a plot of particle position versus time. If growth is steady (i.e. if the plot of growth velocity versus position is time invariant), then, in a cell file, successive root cells have similar growth trajectories (11, 14) . In this important special case, the growth trajectory provides a quantitative description of spatial-temporal interrelationships and can be used to infer the time course of developmental variables whose spatial distribution is known. The growth trajectory can also be used to infer the length of material elements of root as they are displaced through the elongating zone. Since element length is the distance between basal and apical ends of the element, the growth trajectory of the apical end of an element can be subtracted from the trajectory of the basal end to estimate segment length as a function of time or position (9, 11) .
In this paper, we study the effect of temperature on spatial and temporal distributions of growth velocity, strain rate, diameter, and density in the primary root of maize. In 29°C . Roots which were 5 + 0.5 cm long were selected for marking with an ultrafine 'uniball' pen with water soluble black ink. Marked roots were allowed to grow undisturbed for 1 to 2 h at the appropriate temperature before photography for growth analysis. Numerical methods for growth analysis and deposition rates were as described in previous publications (16, 17) . Length of the growth zone was determined by recording for each root the position at which maximum growth velocity first occurred and averaging these positions within temperatures.
Semi-Empirical Growth Trajectories. In our experiments, marks were diluted by growth, and mark trajectories could be followed for only about 8 h. A semiempirical growth trajectory was constructed by choosing marks with different initial positions. First, the growth trajectory was estimated by numerical integration of the velocity field (11, 13) . Then individual marks were identified on five roots grown at 29°C. The initial position of each mark was assigned the time associated with the position on the estimated trajectory, i.e. the marks in the initial time frame were plotted on the solid line. Subsequent positions at 15-min intervals were plotted for each of the marks to obtain a composite growth trajectory.
RESULTS
Longitudinal Growth. A temperature increase caused an increase in growth velocity at all locations (Fig. 1A) . The smallest relative effect was in the most apical region. Local elongation rate is characterized by the longitudinal strain rate (relative elemental growth rate) which increases with temperature at all locations (Fig. 1B) . Maximum strain rate occurred near 5.5 mm and ranged from 0.17 h-at 16°C to 0.40 h -1 at 29°C. The length of the growth zone, 12 mm, was not significantly affected by temperature (Table I) . Thus, whether they were growing rapidly at high temperature or more slowly at lower temperature, tissue elements elongated until they were displaced 12 mm from the apex.
Growth Trajectories and Element Lengths. Growth trajectories measured over an 8 h period (Fig. 2 , symbols) were in good agreement with the growth trajectory calculated as the integral of particle velocity over time (Fig. 2, solid line) . It can be seen that, for the most part, later positions of initially apical particles overlap the earlier positions assigned to more basal marks. Thus, displacement of a material particle follows the pattern computable from the instantaneous velocity field. This confirms that, at least over an 8 h period, growth of the corn root was fairly steady, in agreement with Erickson's conclusions from streak photographs (7, 8) .
Temperature increases shifted the growth trajectory to the left (Fig. 3A) . Displacement from 2.5 mm to 12 mm required 17 h at 16°C and less than 8 h at 29°C.
Length of a material root element can be obtained from growth trajectories of neighboring particles. At a particular time, element length varied with temperature (Fig. 3B) . But when element length is shown as a function of position, temperature had a smaller effect (Fig. 3C) (Fig. 4) . Roots grown at 19°C were, on average, 1.0 mm thick at the base of the growth zone; while roots grown at 24 or 29°C were 1.3 mm in diameter. The apical 2 mm of tissue appears to have had the same shape at three temperatures, but beyond the region of cell division the roots grown at colder temperature were more cylindrical; the roots grown at higher temperatures were more conical.
Fresh Weight and Dry Weight. The distributions of fresh weight and dry weight (per unit root length) are important aspects of root structure. These properties change slowly with time, root length, and temperature. Roots 6 cm long all had fresh weight density which increased with distance in the apical 3-mm region (Fig. 5A ). Temperature effects were not significant here. In the distal part of the growth zone, fresh weight increased more slowly with distance. Per unit length, the roots grown at 29°C were slightly heavier than those grown at the two lower temperatures. Dry weight per unit length, in contrast to fresh weight, peaked in the second and third millimeters (Fig. 5B) . Apparently, in the rapidly expanding zone, the root accumulates water at least as rapidly as it deposits biomass. Roots grown at 29°C had a slightly greater dry weight than those grown at the lower temperatures.
Profiles of dry weight density (Fig. 5B) are not smooth or closely spaced enough for good spatial resolution of the biomass (dry weight) deposition rate profile. Since the growth rate was faster at higher temperatures (Figs. 1 and 3B) , it is clear from the similarity in graphs of biomass at different temperatures that the rate of biomass production must be greater in the faster growing roots. Calculations based on the continuity equation (10, 13, 14) confirm that temperature had a large effect on rate of biomass production (Table II) . This is to be expected, since temperature increased the rate of development without large changes in root density or morphology. Especially between 24 and 290C, net local biomass production rate, calculated from the (10) has confirmed that cell division ceases distal to z = 3 mm. Furthermore, the distribution of growth velocity and cell division rate are thought to be steady. If these two assumptions are valid, in the distal 9 mm of the growth zone element length at any position relative to element length at, say, z = 3 mm, can be estimated as the ratio in cell lengths at the two positions, 1(z)l 1(3). The limit of the growth zone can be identified as the region where cell length becomes invariant with position. Thus, the general validity of relationships shown here can be checked by computations based on cell lengths.
From anatomical studies (3, 4) it seems that wheat roots and onion roots, like the maize roots of this study, appear to have growth zones whose length, while shortened by water stress, is unaffected by temperature. Less universal is our inference that strain (relative length increase) varies only with position and not with temperature-affected growth rate.Carmona and Cuadrado (4) found that, in the onion root, cell size increases with temperature at the apical end of the elongation zone but is invariant with temperature at the basal edge of the growth zone. If these two relationships are generally true, then total strain in the 'elongation only' zone must decrease with temperature. Bertaud and Gandar (2) also found growth strains were smaller at a higher temperature in roots of timothy grass. It is not clear whether the numerical methods used to obtain our Figures 3B and 3C are adequate to reveal the finer details of the interrelationships among element size, position, and temperature. A small change in velocity at an apical position would be compounded through the numerical integration to result in large variation in element length in distal regions. And the relative uncertainty is greatest in measurement of apical velocity because of both digitizing error and naturally occurring temporal oscillations in size of the root cap. Baldovinos (1) has published data on cell size in corn roots as a function of position and temperature. These data indicate that cell length increases with temperature at all locations. Calculations show that relative cell length change in the 3 to 5 mm region is invariant with temperature, in agreement with the conclusions reached here. On the other hand, Erickson's observation (6) of invariance of mature metaxylem cell length with temperature would appear to contradict our conclusions. Studies of cell length profiles in roots grown at different temperatures are needed to resolve this question.
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